Objective: Atrial fibrillation (AF) is characterised by electrical, gap junctional and structural remodelling. However, the underlying molecular mechanisms of these phenomena are largely unknown. To get more insight into atrial remodelling at the molecular level we have analysed changes in gene expression during sustained AF in the goat. Methods: The differential display technique (DD) was used to identify genes differentially expressed during sustained AF (13.965.2 weeks) as compared to sinus rhythm (SR). Dot-blot analysis was performed to confirm the altered gene expression and to establish the changes in expression after 1, 2, 4, 8 and 16 weeks of AF. Immunohistochemistry and western blotting were used to validate the DD approach and to further characterise the changed expression of the b-myosin heavy chain gene at the protein level. Results: Of the approximately 125 fragments that showed changed expression levels during AF, 34 were cloned and sequenced. Twenty-one of these represented known genes involved in cardiomyocyte structure, metabolism, expression regulation, or differentiation status. The changed expression of 70% of the isolated clones could be confirmed by dot-blot analysis. In addition, time course analysis revealed different profiles of expression as well as transient re-expression of genes, e.g. the gene for hypoxia-inducible factor 1a during the first week of AF. During sustained AF the frequency of cardiomyocytes expressing b myosin heavy chain (bMHC) increased from 21.862.1 to 47.962.5% (S.E.M.). The overall expression of MHC (a1b) appeared to be down-regulated during AF. Conclusions: AF is accompanied by changes in expression of proteins involved in cellular structure, metabolism, gene expression regulation and (de-)differentiation. Most alterations in expression confirm or support the hypothesis of cardiomyocyte de-differentiation. Furthermore, the results suggest a role for ischemic stress in the early response of cardiomyocytes to AF, possibly via activation of hypoxia-inducible factor 1a.
Introduction
whole. Electrophysiological remodelling is characterised by shortening of the atrial effective refractory period Atrial fibrillation (AF) is characterised by extensive (AERP), which (in part) is the result of changes in 21 electrical and structural remodelling of the atrium, both at expression of the L-type Ca channel. Several authors the level of the single myocyte and the atrial tissue as a have reported, both in animal models [ were shown to correlate with AERP shortening [5] .
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1 Both authors contributed equally to this manuscript. Time for primary review 25 days. 21 Besides the L-type Ca channel, the expression of several by Wijffels et al. [9] . In brief, silicon strips containing K channel subunits appears to be down-regulated [1-multiple electrodes were stitched to the epicardial surface 3,6-8].
of both atria as well as to Bachmann's bundle. After Since it was shown that time courses of AERP shortrecovery, the electrodes were connected to an external ening and the increase in the duration of AF episodes did automatic fibrillator programmed to deliver a 1-s burst of not match, it was concluded that other factors must be stimuli (50 Hz, four times threshold) each time an isoimportant for making the arrhythmia sustained [9] . A electrical segment longer than 300 ms was detected. candidate is gap junctional remodelling, which was shown Following this protocol AF becomes sustained (episodes to occur both in a goat model of AF and in patients .24 h) in most animals after 1-2 weeks. After at least 2 suffering from sustained AF [10] [11] [12] [13] [14] . Another factor months of sustained AF samples of the right (RAA) and involved in the stabilisation of AF appears to be structural left atrial appendages (LAA) were immediately frozen in remodelling [15] . Structural remodelling during AF inliquid N and stored at 280 8C until use.
2 cludes a significant reduction in sarcomere number For the second part of our studies 36 female goats were (myolysis), the accumulation of glycogen, changes in used (average weight 61 kg) and instrumented as described mitochondrial morphology, altered chromatin distribution by Ausma et al. [32] . Six were kept in SR and used as and last but not least changes in cellular size (hypercontrols. In the other animals an electrode was inserted via trophy), phenomena known from hibernating myocardium the jugular vein in the right atrium and connected to a in patients with chronic ischemic heart disease [16] [17] [18] [19] . In pacemaker. Sustained (chronic) AF was induced by switchaddition, the expression pattern of several (structural) ing on the pacemaker, producing 2-s bursts (50 Hz, four proteins adapts a foetal phenotype indicative of cartimes threshold) at 1-s intervals. Initially AF was selfdiomyocyte de-differentiation; e.g. re-expression of aterminating within seconds whereas during the following smooth muscle actin and the disappearance of cardiotin days AF episodes became longer and more stable. The [20] .
inter-burst period could gradually be prolonged to 30 min Apart from its effect on the stability of AF, structural while sustained AF was being maintained. Animals were remodelling of atrial myocytes is likely to be co-responsacrificed after 1, 2, 4, 8 or 16 weeks of AF (n56) and sible for the temporarily impaired contractile function of RAA and LAA samples were prepared and stored as the atria after cardioversion from AF [21] . It has been described above. shown that following brief periods of AF, the electrical All animal handling was according to the Dutch Law on remodelling and contractile dysfunction are completely Animal Experimentation (WOD) and The European Direcreversible within a few days [22] . However, after longer tive for Protection of Vertebrate Animals used for Experiods of AF, a discrepancy occurs between the normaliperimental and Other Scientific Purposes. sation of electrical properties (days to weeks) [23] [24] [25] and the recovery of contractile function (weeks to months) 2.1.1. Differential display [26] [27] [28] [29] . Structural remodelling might be important in this From pulverised atrial samples, total RNA was isolated context, although the down-regulation and / or altered funcusing RNeasy (Qiagen). Chromosomal DNA contamina- 21 tion of L-type Ca channels seems to be largely respontions were removed during incubation with RNase-free sible [22] .
DNase (10 U / ml; Boehringer Mannheim) in the presence Many aspects of AF-induced remodelling have been of an RNase inhibitor (1 U / ml RNA-guard; Pharmacia). studied extensively in the goat model of AF. In fact, the Concentrations were adjusted to 0.2 mg/ml and aliquots principles of 'AF begets AF' and 'AF-induced de-differenwere frozen and stored at 280 8C. For reverse transcription tiation' originate from studies in which this model was 1 ml (0.2 mg) DNA-free total RNA and 1 ml 25 mM used [30] . However, the exact molecular mechanisms anchored primer (T12VA (V is three-fold degenerate for A, underlying various aspects of atrial remodelling still C and G), T12VC, T12VG or T12VT; final concentration remain unknown. In order to identify factors involved in 2.5 mM) in 8 ml DEPC treated dH O was heated in a 2 the electrical and structural remodelling, we studied alterathermal cycler for 5 min at 65 8C and quickly cooled down tions in gene expression in the fibrillating goat atrium to 37 8C. Then 10 ml of a mixture of M-MLV Reverse using the method of differential display [31] .
Transcriptase (200 U; GibcoBRL) in 100 mM Tris-HCl, pH 8.3, 150 mM KCl, 6 mM MgCl , 20 mM DTT, 40 mM 2 dNTPs and 2U / ml RNA-guard was added and incubations 2. Materials and methods were performed for an additional l h at 37 8C, followed by 5 min at 95 8C to heat inactivate the enzyme.
Animal model of atrial fibrillation
Aliquots of 2 ml were transferred to thin walled 200 ml PCR tubes and used for differential display (DD) analysis. For the first part of our studies 12 female goats were To each aliquot an equal volume of 25 mM of the used (average weight 55 kg). Of these, six were kept in SR appropriate anchored primer was added followed by a while in the others sustained AF was induced as described mixture of 1 unit Taq DNA polymerase (recombinant; Unfixed cryostat sections (8 mm) were stained essentialadded, samples were heated to 80 8C for 2 min and 3 ml ly as described before [34] . They were incubated at room aliquots were electrophoresed on 6% denaturing sequenctemperature in phosphate-buffered saline (PBS) containing ing gels. Each gel was dried without fixation and exposed 0.2% (v / v) Triton X-100 for 1 h, followed by 30 min in to Fuji RX safety film.
2% (w / v) Bovine Serum Albumin (BSA) in PBS. Sections Gel strips containing DD PCR fragments were excised, were washed with PBS and incubated overnight with dried and soaked in 100 ml dH O for 10 min at room primary mouse anti-a-MHC (Alexis Biochemicals, clone . Sections were mounted with conditions were as described above. Finally, DNAs were Vectashield (Vector Laboratories) and examined using a cloned into a T /A cloning vector (pGEM-T Easy, PromNikon Optiphot-2 light microscope equipped for epiega) or pBluescript (Stratagene) and at least three clones of fluorescence. Within each section, percentages of myocytes each ligation were sequenced using an ABI prism 310 that did (11 or 1) or did not (2) stain for b-MHC were Genetic Analyzer (Perkin Elmer Applied Biosystems).
assessed.
Slot(dot)-blot analysis
2.1.4. Western blotting For the screening of the DD DNA products a slot-blot Tissue samples were homogenised in RIPA solubilisaprocedure was applied as described by Mou et al. [33] . Of tion buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% each plasmid DNA 250 ng was denatured for 10 min at Nonidet-P40, 1% sodium deoxycholate, 0.1% sodium 100 8C in 0.4 M NaOH, 10 mM EDTA and transferred dodecylsulfate) with protease inhibitors (2 mM phenylonto a pre-cut nylon membrane (Zeta-Probe, Biorad). The methylsulfonyl fluoride, 1 mM iodoacetamide, 1 mM DNA in each well was washed with 0.4 M NaOH, 10 mM phenantroline, 1 mM benzamidine, 0.5 mM pefabloc, 5 EDTA and immobilised by UV cross-linking. Each memmM sodium bisulfate, 20 mg / ml pepstatin A). They were brane was pre-hybridised for 1 h at 60 8C in 0.5 M treated as described [35] . Heparin anti-coagulated blood Na HPO , pH 7.2, 1 mM EDTA, 7% SDS. For probes, 10 control samples were immediately mixed with concen-2 4 mg of pooled (from five goats) total RNA and 2.5 mg trated Laemmli's sample buffer. Of each sample 40 mg of oligodT were incubated at 65 8C for 10 min. Reverse total cellular protein was electrophoresed on 8% SDStranscription was performed for 1.5 h at 37 8C with 600 U polyacrylamide gels and transferred onto nitrocellulose M-MLV reverse transcriptase (GibcoBRL) in 50 ml 50 mM membranes. Efficiency of transfer was checked by PonceTris-HCl, pH 8.3, 75 mM KCl, 3 mM MgCl , 10 mM au Red staining. Membranes were blocked for 1 h at room 2 DTT, 1 mM of dATP, dGTP and dTTP, in the presence of temperature in 5% Protifar in 0.1% Tween 20 in PBS 40 U RNase inhibitor RNasin (Promega) and 50 mCi (T-PBS). They were probed for the presence of a and 32
[a-P]dCTP. Following purification over Sephadex G50, b-MHC in an overnight incubation at 4 8C using the probes were denatured for 5 min at 95 8C and added to the antibodies (1:40 and 1:10, respectively) described in the pre-hybridisation mix. Following overnight incubation at previous section. After the primary antibody incubation, 60 8C, membranes were washed in phosphate buffer / SDS membranes were incubated for 1 h at 4 8C with a horseradwith increasing stringency and exposed to a phosphorish peroxidase labelled secondary antibody (Bio-Rad; imaging screen (Biorad). For image analysis either Image 1:7000). Peroxidase activity was detected using ECL were analysed using Image Quant software (Molecular Dynamics).
Statistical analysis
To identify statistically significant changes in expression between AF and SR, a Mann-Whitney rank sum test was used to compare the average normalised values (see Methods) of five independent slot(dot)-blot analyses. Beta-MHC expression in AF was compared to SR using a paired Student's t-test or whenever the data did not have a normal distribution a Mann-Whitney rank sum test. Statistical significance was defined as P,0.05.
Results

Analysis of differential gene expression between SR and chronic AF
To identify genes involved in AF-induced remodelling of the atrium, we used the DD technique [31] to compare atrial mRNA expression patterns from six goats in sustained AF (induced as described by Wijffels et al. [9] ) with those from six goats in SR. For PCR amplification primer combinations of one out of four degenerate anchored an eukaryotic cell [38, 39] . The ten DD fragments placed in down-and 15 (44%) up-regulated genes, while three the category 'unknown' matched with EST sequences, (clone 2.2, 3.3, and 4.1) of them did not show any change which means that they represent either unknown genes or in expression and were used as controls. Apart from these known genes whose 39 non-translated sequences are not in controls, 21 (62%) clones could be identified based on the GenBank database. sequence homology to database entries of known eukaryotic genes. Most clones could be placed into one of four 3.2. Confirmation of altered gene expression functional categories; 'structure' (7 / 21), 'metabolism' (4 / 21), 'expression' (7 / 21) and 'embryogenesis /(de-)difSince one of the criticisms of the DD technique is the ferentiation' (3 / 21). Genes in the first category mainly relatively high number of false positives, reported to range encoded proteins involved in cardiomyocyte contractility, from 5 to 50% [40] , it is essential to confirm differential like a-cardiac actin (a-CA), b-myosin heavy chain (bgene expression by a hybridisation-based assay such as MHC), titin, and cardiac troponin I (cTnI). In addition, a Northern blotting. In order to screen large numbers of sarcolemma associated protein (SLAP-2) and a nuclear DD-products simultaneously without the need for large matrix protein (matrin 3) were identified. Genes involved amounts of RNA, we used a reverse Northern-like proin metabolic pathways included the VLDL receptor cedure, essentially as described by Mou et al. [33] . A total (VLDLr) gene, the myoglobin gene and the ubiquitin of five independent experiments were performed to dehydrolysing enzyme I (UBH1) gene, encoding a determine the ratios of normalised signals between AF and ubiquitinating enzyme which prevents ubiquitinated sub-SR. It was assessed whether each ratio was statistically strates from degradation, like 'fat facets' in Drosphila [37] .
higher or lower than 1, indicating up-or down-regulation In the category 'expression', several genes were identified of gene expression (Fig. 2) . The four controls showed a encoding ribosomal proteins, together with a transcriptionmaximal deviation of 10% in AF as compared to SR, al repressor (of c-myc) and a translational activator of which suggests that they are stable expressed. The DD data EIF2a (EIF2a kinase). The remaining known genes (3 / 21) for 20 (65%) of the remaining 31 clones could be Fig. 2 . Gene expression analysis of sequences differentially displayed during sustained atrial fibrillation. 5up-regulated; 5down-regulated; 5 unchanged; ND is not determined; *P,0.050.
confirmed by dot-blot analyses and ratios for 15 of these increased even more (18.01 / 22.5% (S.E.M.)). The obwere statistically significant (P,0.05). The dot-blot data served AF-induced increase in the relative numbers of from ten clones did not corroborate those from the DD b-MHC expressing cells is in support of the DD-data. The analyses and showed either no change (1) or an opposite relative levels of expressed a-and b-MHC protein were change (9) in expression. Although statistically significant, assessed by western blot analysis (Fig. 4B ). Contrary to overall changes in the levels of expression for most genes what has been shown for chicken atrium [41], both were not very large; up-regulation ranged from 122 to antibodies reacted with several bands in the goat atrium 1107% and down-regulation from 27 to 238%.
extracts. We focused on bands with the same electrophoretic mobility as the 200 kD marker, representing 3.3. Time course of altered gene expression rabbit skeletal muscle myosin. Competitor studies could not be performed since specific peptides were not availChanges in AF-induced gene expression levels were able. Consequently, we used adult mouse heart and goat studied in a time course series by comparing dot-blot data blood extracts for controls. Cross-reactivity of the aafter 1, 2, 4, 8 and 16 weeks of AF with those in SR. We (human)MHC antibody to mouse cardiac myosin in a also investigated a number of genes that were likely to western blot was stated by the supplier. Indeed a prominent undergo changes in expression during AF, i.e. the genes 200 kD band showed up, as can be seen in the positive (1) for a-smooth muscle actin (a-SMA), slow skeletal control lane. There was no reaction with the goat blood troponin I (ssTnI), and hypoxia-inducible factor 1a sample (control 2). The b-MHC antibody was (almost) (HIFla). The results are listed in Fig. 3 . After 1 week of negative with the mouse cardiac extract, which is in AF, five out of 13 genes investigated showed a similar accordance with the negligible expression of b-MHC in change in expression as observed during sustained AF adult mouse heart [42] . There was no specific reaction with (average 12.7 weeks). At 4 weeks, this number had goat blood. However, a non-specific band with a higher increased to eight out of 13 and at 16 weeks, the molecular weight became visible, possibly as a result of expression level of most of the clones (12 out of 13) was the almost 100 times longer exposure time needed for ECL similar or comparable to that measured before. AF is accompanied by electrical [9, 43] , gap junctional [10,11] and structural remodelling [17, 19] of the atria. In 3.4. Changes in myosin heavy chain isoform expression this study we have used the goat model of AF to obtain more insight into the underlying molecular processes. To Since the results from the DD and dot-blot analyses with identify genes involved in atrial remodelling, we have respect to the b-MHC mRNA expression were rather compared the expression profiles in SR with those during contradictory, we investigated the protein expression of AF by means of the differential display (DD) technique. a-MHC and b-MHC by immunohistochemistry and west-DD was used because at present no goat-specific miern blotting. Fig. 4A shows immunolabelling patterns of croarrays are available. In addition, DD allows the direct representative sections of the atrial appendage from a goat identification of both up-regulated and down-regulated in SR incubated with antibodies against a-MHC or bgenes between multiple samples within one experiment MHC. Most cardiomyocytes (.90%) stained positive for [31] . We have isolated a number of genes that were either a-MHC while only a subpopulation (21.812.1% (S.E.M.)) up-or down-regulated during sustained (chronic) AF. For expressed the b-isoform of MHC (1 and 11). Within this approximately 60% of these genes differential expression subpopulation a small fraction of cardiomyocytes (3.21 / 2 could be confirmed by dot-blot analysis. Less than 10% of 0.7%) expressed b-MHC at high levels (11) . During the DD-signals turned out to be false positive, which is sustained AF the percentage of cardiomyocytes expressing within the margins reported for the technique. In those a-MHC seemed unaffected, while the percentage of those situations, in which the dot-blot data did not corroborate expressing b-MHC (1 and 11) had clearly increased the DD results, heterogeneity between tissue samples is the (47.91 / 22.5% (S.E.M.)). The percentage of carlikely cause. Since relatively large tissue samples from five diomyocytes expressing b-MHC at high levels (11) had goats had to be pooled for the preparation of probes, relative numbers of remodelled cardiomyocytes in these cardiomyocytes is that several structural proteins adopt a mixed samples might be significantly different from those foetal-like expression [20] . The expression of several in the much smaller individual goat samples used for DD genes that were detected in our DD analyses and placed in analysis. This might account for relatively mild overall the category 'structure' appears to be in line with this changes in gene expression. However, locally these (focal)
phenomenon. The observed down-regulation of the mRNA changes might be very pronounced and promote arexpression of titin is in agreement with observations at the rhythmogenic activity that could affect the atrial tissue as a protein level [20] . Down-regulation of cTnI and a-CA whole.
mRNA also correlates with the observed reduction in Characteristic of AF-induced structural remodelling of sarcomeres. It has been suggested that the 39 non-translated regions of both genes are involved in inhibition of proliferalso responsible for the observed inconsistency between ation and promotion of differentiation [44] , which suggests DD and dot-blot data. The relative proportions of the two that down-regulation of their expression might favour isoforms of myosin heavy chain in mammalian heart are cellular de-differentiation. Yet, re-expression of the emaffected by a wide variety of pathological and physiologibryonically expressed ssTnI and a-SMA [45] [46] [47] [48] could not cal stimuli [51] . Cardiomyocytes that predominantly exbe detected. The absence of an increase in a-SMA mRNA press the faster (higher ATPase activity) a-MHC can is in contrast with the observed increase in a-SMA protein generate more force than those expressing the slower in the cardiomyocytes during AF [20] . However, since b-isoform [52] . Human ventricular myocardium contains cTnI and a-CA are abundantly expressed and highly 93% b-MHC and 7% a-MHC, whereas a-MHC mRNA homologous to their embryonically expressed counterparts, makes up 30% of total MHC mRNA [53] . During heart the inconsistency is likely due to cross-reactivity of their failure a-MHC decreases to a level 15-fold less for mRNAs with the ssTnI and a-SMA DNA on the filter, mRNA, while protein could hardly be detected anymore. which would obscure any AF-induced effect in mRNA Adult bovine atrium consists of 80-90% a-MHC and expression of the latter two. In addition, it has been 10-20% b-MHC [54] . Also in adult human left atria reported that the expression of a-SMA is predominantly a-MHC comprises about 90% of total MHC, whereas this regulated at a post-transcriptional level [49] .
relative amount dropped to around 50% in individuals with Cross-reactivity of a-MHC mRNA with b-MHC DNA dilated or ischemic cardiomyopathy [55] . Concomitant (homology in humans 95% [50] ) on the filters is possibly changes at the mRNA level are not known. An increase in the relative amount of b-MHC of the left atrium during the changes in gene expression due to AF in the goat. That this development of heart failure has been suggested to be approach is feasible was proven by the identification of beneficial by increasing the economy of contraction [56] .
genes whose protein products are known to be involved in Consequently, an AF-induced increase in b-MHC expres-AF-induced structural remodelling. In addition, we found sion in combination with a reduction in a-MHC expression genes that might play an important role in this process, would be in support of an observed reduction in atrial genes potentially involved in 'AF induced de-differentiacontractility. Since a down-regulation of MHC expression tion', as well as genes whose expression is in favour of a could already be detected early (1 week) in the time short period of ischemic stress during the onset of AF. course, it might be partly responsible for the developing atrial dysfunction.
Apart from structural remodelling, AF is accompanieddemic Medical Centre, Amsterdam) for providing them underlie these processes [1,2,5,15]. In the present study no with the monoclonal antibody (169-ID5) against myosin changes in the levels of mRNAs that encode ion or gap heavy chain beta, and M. not the result of ischemic injury [58] . However, the In conclusion, we have used DD in our search for [10] van der Velden HM, van Kempen MJ, Wijffels MC et al. Altered
